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Abstract— In this paper, iterative detection is applied in the
receiver for downlink of both Direct Sequence (DS) and Multi-
carrier (MC) code division multiple access (CDMA) systems in
the flat Rayleigh fading channels. A joint iterative detection and
phase recovery scheme is proposed. Unlike the conventional Bit-
interleaved coded modulation with iterative decoding (BICM-ID)
structure, the proposed receiver feeds the extrinsic information
from soft-input soft-output (SISO) decoder back to update both
the adaptive minimum mean squared error (MMSE) correlator
and phase locked-loop (PLL) instead of de-mapper. We also
investigate how the second-order PLL benefits from the iterative
process over the time-varying flat Rayleigh fading channel.
Simulation results illustrate that the iterative process significantly
improves the performance of the adaptive detector by suppressing
multiple access interference (MAI). Additionally, the tracking
capability of PLL is enhanced by reducing the equivalent noise
power.
I. INTRODUCTION
Iterative receiver structures have been given a great deal of
attention in recent years for multiple access signals of DS-
CDMA or MC-CDMA systems [1]- [4]. These techniques
greatly improve the receiver performance by exchanging ex-
trinsic information between the detector and channel decoder
[2]. However, most of these techniques are available just for
the uplink system, since all users information such as the
signature waveforms and extrinsic information, is required
[1], [3], [5]. Furthermore, the performance of third generation
systems may well be limited by the performance of the
downlink. Thus, it is important to develop effective structures
to improve the system performance in the downlink too.
In [6], Zehavi suggested bit-by-bit interleaving of the en-
coder output, a scheme later called bit interleaved coded
modulation (BICM) by Caire et a1 [7]. BICM is a bandwidth
efficient coding technique consisting of serial concatenation
of binary error-correcting coding, bit by bit interleaving, and
high-order modulation. BICM with iterative decoding (BICM-
ID) was proposed by Li et al. [8]. Using soft-decision feed-
back, BICM-ID significantly outperforms conventional BICM
in both additive white Gaussian noise (AWGN) and Rayleigh
fading channels [9]. In this paper, we consider synchronous
coded MC-CDMA and coded DS-CDMA systems employing
BICM at the transmitter and using iterative process at receiver
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Fig. 1. the transmitter structure for MC-CDMA and DS-CDMA.
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Fig. 2. the preambles pattern.
over time-varying flat Rayleigh fading channels. Unlike the
conventional BICM-ID structure, the proposed scheme feeds
back the extrinsic information from the SISO decoder to
update both the adaptive MMSE-based correlator and PLL
instead of the de-mapper. Phase recovery is required by any
communication system implementation employing coherent
reception. Various kinds of phase-locked loops are widely used
in phase and frequency synchronization tasks [10] [11]. The
effect of the frequency uncertainty, AWGN and interference
originating from other users on PLL has been analyzed in
[10]. In this paper, we investigate the benefits to the tracking
performance of second-order PLL from iterative process over
the time-varying flat Rayleigh fading channel.
The rest of the paper is organized as follows. In Section
II, the transmitter and receiver structures are outlined. The
iterative detection and phase recovery scheme is presented in
Section III, simulation results are showed in Section V. Finally
the conclusions are made in Section VI.
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Fig. 3. Iterative receiver structure for MC-CDMA system or DS-CDMA system.
II. SYSTEM DESCRIPTION
The transmitter utilized in both DS-CDMA and MC-CDMA
systems is illustrated in Fig. 1. The coded and interleaved
bit sequences with length L are modulated by employing
Quadrature Phase Shift Keying (QPSK) modulation. As shown
in Fig. 2, preambles with length P that are known to the
receiver are inserted every M symbols to update both the de-
spreader weight and the phase estimates on the receiver side.
Subsequently, the symbol sequences are spread, and in the
MC-CDMA case Orthogonal Frequency Division Multiplex
(OFDM) modulation is utilized [12] . The OFDM modulator
is implemented using the inverse fast Fourier transform (I-
FFT) operation. The low-pass transmitted signal for user k
may be expressed as:
sDSk (t) =
∞∑
i=−∞
√
P
N
dk(i)g(t− iT )ck, (1)
sMCk (t) =
∞∑
i=−∞
√
P
N
dk(i)g(t− iT )
N∑
n=1
cn,ke
j2π∆ft, (2)
where T is the DS-CDMA symbol duration, the product NT is
the OFDM signal duration and ∆f = 1/NT is the subcarrier
spacing. ck = [c1,k, c2,k, ..., cNc,k] is the spreading code for
the kth user where Nc denotes the spreading gain, g(t) is a
rectangular pulse function with duration [0, T ].
The transmitted signal arrives at the receiver through an in-
dependent, frequency-flat Rayleigh fading channel. We assume
that the fading process varies at a slow enough rate so that the
channel amplitude and phase can be considered constant over
the duration of a symbol. Thus, the received signal can be
written as
rDS(t) =
K∑
k=1
∞∑
i=−∞
α(i)ejθ(i)
√
P
N
dk(i)g(t− iT )ck + n(t),
(3)
rMC(t) =
K∑
k=1
∞∑
i=−∞
α(i)ejθ(i)
√
P
N
dk(i)g(t− iT )
N∑
n=1
cn,ke
j2π∆ft + n(t),
(4)
where α(i), θ(i) are the channel amplitude and phase at the
ith time instant, respectively.
Fig. 3 illustrates the proposed coherent iterative receiver
structure for both synchronous DS-CDMA and MC-CDMA
systems. An adaptive filter optimized using the MMSE cri-
terion is employed to perform de-spreading and soft-symbol
detection. The OFDM demodulation block shown dotted in
Fig. 3 is only necessary for the MC-CDMA system. The
OFDM demodulated signal can be viewed as a DS signal, with
the noise components transformed via the FFT operation from
time to frequency domain. A SISO channel decoder computes
the log-likelihood ratio (LLR) values for both the information
bits and parity bits, which are fed back to the MMSE filter
and phase tracker as a priori information to perform iterative
detection. The phase tracker is implemented as a 2nd order
PLL.
III. ITERATIVE DETECTION AND PHASE
RECOVERY
The iterative structure is shown in the upper half of Fig. 3. It
consists of two stages: an adaptive MMSE detector, followed
by a SISO channel decoder. The two stages are linked by a de-
mapper, de-interleaver, interleaver and mapper. Without loss of
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generality, we may assume the first user is the user of interest.
We can write for both the OFDM demodulated MC-CDMA
signal and DS-CDMA signal
r(i) = α(i)ejθ(i)d1(i)c1 + α(i)ejθ(i)
K∑
k=2
dk(i)ck + v(t), (5)
where v(t) is noise vector.
The symbol estimate can be expressed as follows
d˜1(i) = wH1 r(i)e
−jθˆ(i), (6)
where w1 denotes the correlator coefficients and θˆ(i) is the
phase estimate output from PLL at the ith time instant.
The receiver optimizes its parameters by minimizing the
mean-squared error (MSE). The MSE of the receiver of the
user 1 at the ith time instant is given as
J = E{21(i)} = E{|d1(i) − d˜1(i)|2}
= E{|d1(i) −wH1 r(i)e−jθˆ(i)|2}.
(7)
In this paper, the classic normalized least-mean square
(NLMS) adaptive algorithm is used to update the coefficient
vector w1. The channel phase is tracked by a second-order
PLL. The PLL can be mathematically written as
θˆ(i + 1) = θˆ(i) + K1ϕ(i) + K1K2
i−1∑
n=0
ϕ(n), (8)
where K1 and K2 are small positive constants, and
ϕ(i)=Im{d1(i)dˆ1(i)∗} is the phase-error measurement. The
log-likelihood ratio (LLR) values of the estimates, dˆ1(i), at
the output of the de-spreader can be written as
dˆ1(i) = ln
[∑
d1(i)∈S+ Pr{d1(i)|r(i)}∑
d1(i)∈S− Pr{d1(i)|r(i)}
]
= ln
[∑
d1(i)∈S+ Pr{r(i)|d1(i)}∑
d1(i)∈S− Pr{r(i)|d1(i)}
]
+ ln
[∑
d1(i)∈S+ Pr{d1(i)}∑
d1(i)∈S− Pr{d1(i)}
]
(9)
where S = {s0, s1, s2, s3} denotes the transmitted QPSK sym-
bols, which have real and imaginary parts. S+ and S− denote
the symbol set containing those symbols whose either part cor-
responds to 1 and 0 respectively. As a priori, in the first itera-
tion, we assume
∑
d1(i)∈S+ Pr{d1(i)} =
∑
d1(i)∈S− Pr{d1(i)},
thus, the second item of (9) is equal to 0. Moreover, for the
downlink system, the spreading codes of the remaining users
are assumed unknown; thus (9) can be re-written as
dˆ1(i) = ln
[
Pr(r(i)|s0) + Pr(r(i)|s3)
Pr(r(i)|s2) + Pr(r(i)|s4)
]
+ j ln
[
Pr(r(i)|s0) + Pr(r(i)|s1)
Pr(r(i)|s2) + Pr(r(i)|s3)
]
= ln
[
Pr(d˜1(i)|s0) + Pr(d˜1(i)|s3)
Pr(d˜1(i)|s2) + Pr(d˜1(i)|s4)
]
+ j ln
[
Pr(d˜1(i)|s0) + Pr(d˜1(i)|s1)
Pr(d˜1(i)|s2) + Pr(d˜1(i)|s3)
]
(10)
The sequence of the soft-symbol estimates {dˆ1(i)} at the
output of the adaptive MMSE correlator, are de-mapped
into the sequence of bit-based soft estimates, which are de-
interleaved to {λ(u1; I)} . We use the notations {λ(·; I)} and
{λ(·;O)} at the input and output ports of the decoder device.
Based on the soft input {λ(u1; I)}, the SISO channel decoder
computes the LLR values of the information bits {λ(b1;O)}
and all coded bits {λ(u1;O)}. The former are used to obtain
decisions on the transmitted information bits, and the latter are
interleaved and passed through a mapper to derive the soft-
symbol estimates {d¯1(i)}, which are used a priori to correct
the soft decisions and update the parameters of the MMSE
filter in the next iteration. Mathematically expressed
d¯1(i) =
1√
2
tanh
[
Loddext
2
]
+ j
1√
2
tanh
[
Levenext
2
]
, (11)
where Lext denotes the extrinsic information of the coded
bits, which is {λ(u1;O)} interleaved. Loddext and Levenext denote
Lext with odd number and even number respectively, which
correspond to the real and imaginary parts of the symbols,
respectively.
In the subsequent iteration, the estimates {dˆ1(i)} can be
written as
dˆ1(i) = ln
[
Pr(d˜1(i)|s0) + Pr(d˜1(i)|s3)
Pr(d˜1(i)|s2) + Pr(d˜1(i)|s4)
]
+ j ln
[
Pr(d˜1(i)|s0) + Pr(d˜1(i)|s1)
Pr(d˜1(i)|s2) + Pr(d˜1(i)|s3)
]
+ d¯1(i)
(12)
The difference between the conventional BICM-ID and our
proposed structure originate form the fact that for the BICM-
ID structure, the output from the mapper {d¯1(i)} is sent
straight to the de-mapper. In contrast, in the proposed struc-
ture, {d¯1(i)} is regarded as a priori and is fed back to the
adaptive MMSE correlator to update the coefficients and the
phase tracker to reduce the equivalent phase noise.
IV. SIMULATION RESULTS
In this section, we demonstrate the performance of the
proposed iterative receiver and the second-order decision-
directed PLL in the flat Rayleigh fading channel by simulation.
We consider a synchronous downlink of DS and MC-CDMA
with 20 users (K = 20). All users employ the same convo-
lutional code with constraint length c = 5, octal generator
polynomials (378, 218), and code rate Rcode = 1/2. Each
user employs a different random interleaver with a block size
equal to length of the encoded bits. Gold codes with 31-chip
length as spreading sequences. Additionally, the number of
subcarriers employed in the MC-CDMA systems was N=32.
The parameters K1 and K2 of PLL were set to 0.5 and 0.1,
respectively. The channel process is generated by driving a
zero-mean complex Gaussian process through a designed filter
whose power spectrum density (PSD) is shaped as classic
Doppler PSD.
For third generation of communication systems, the usual
chip rate employed is 3.84 Mchips/s. The symbol rate, Rs,
is the chip rate over N . We have considered a normalized
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Fig. 4. BER performance vs SNR for MC-CDMA system, fdT = 0.001,
K = 20
Doppler frequency of fdT = 0.001, where T is the duration
of a symbol, which is the inverse of the symbol rate Rs.
The system operates at a carrier frequency of fc = 2 GHz
and vehicle speeds were simulated with a maximum Doppler
frequency of fd,max| = 120 Hz, which corresponds to a
nominal velocity of v = 65 kmph.
In Fig. 4 and Fig. 5, we illustrate the performance of
downlink MC-CDMA and DS-CDMA with joint iterative
detection and phase recovery in a time-variant Rayleigh fading
channel in terms of bit-error-rate (BER) vs. signal-to-noise
ratio (SNR), respectively. In these plots, we compare the
BER performance of the first three iterations with that of the
conventional BICM-ID structure. For both structures, the first
iteration can be viewed as a convolutional coded system with-
out feedback and in the subsequent iterations, for BICM-ID,
the output from the mapper is sent straight to the de-mapper to
compute bit-based LLR, which is fed into decoder to compute
LLR for next iteration; in contrast, in the proposed structure,
the MMSE correlator coefficients and the phase tracker can be
updated using the decision corrected by extrinsic information.
Evidently, the performance is significantly improved by using
iterative processing. Specifically, more than 3 dB of gain in
SNR is obtained in the third iteration at a BER level of 10−3
for both MC-CDMA and DS-CDMA systems.
Fig. 6 shows the BER performance of the proposed joint
iterative detection and phase recovery for MC-CDMA system
in the time-variant Rayleigh fading channel with varying
number of users compared with that of the conventional
BICM-ID structure. The system was simulated for a fixed SNR
level of 10 dB. The curves reflect that the proposed structure
can support much more users than the conventional BICM-
ID, even after only 2 iterations. The maximum number of
users that sustains a BER level of 10−3 is roughly 19 for our
proposed scheme with 3 iterations.
In Fig. 7, we investigate the probability density function
(PDF) of the phase estimator error for MC-CDMA over two
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Fig. 5. BER performance vs SNR for DS-CDMA system, fdT = 0.001,
K = 20
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Fig. 6. BER performance versus Number of Users for MC-CDMA system,
SNR = 10dB, fdT = 0.001
flat fading channels with normalized Doppler frequency fdT
equal to 0.001 and 0.0002, respectively. The curves reflect
two facts: on one hand, for the same normalized Doppler
frequency, the iterative scheme significantly suppresses equiv-
alent noise, which combines residual MAI and phase noise; on
the other hand, the variance of phase error with fdT = 0.001
is greater than that with fdT = 0.0002, as the PDF of phase
estimator error can be approximated to be a Gaussian distribu-
tion if the equivalent SNR is large enough [11]. Additionally,
the variance of the PDF decreases with increasing number of
iterations.
V. CONCLUSION
In this paper, we considered iterative detection for downlink
of DS-CDMA and MC-CDMA systems in the presence of
unknown MAI and frequency-flat Rayleigh fading. A joint
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Fig. 7. PDF of the phase estimator error
iterative detection and phase recovery scheme has been pro-
posed. The structure presented in this paper comprises an
MMSE-based adaptive de-spreader, a SISO channel decoder
and a PLL phase tracker. Unlike the conventional BICM-
ID structure, the proposed receiver feeds back the extrinsic
information from SISO decoder to update both the adaptive
MMSE correlator and PLL. Furthermore, the performance of
a second-order PLL in the time-varying flat Rayleigh fading
channel with moderate Doppler frequency offset has been
investigated. Simulation results demonstrated that the iterative
process significantly improves the performance of the adaptive
detector by suppressing MAI and by enhancing the tracking
capability of the PLL due to the reduced equivalent noise
power.
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